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SUMMARY

In mammals, loss of retinal cells due to disease or trauma is an irreversible process that can lead to blindness. Interestingly, regeneration of
retinal neurons is a well established process in some non-mammalian vertebrates and is driven by the Miiller glia (MG), which are able to
re-enter the cell cycle and reprogram into neurogenic progenitors upon retinal injury or disease. Progress has been made to restore this
mechanism in mammals to promote retinal regeneration: MG can be stimulated to generate new neurons in vivo in the adult mouse retina
after the over-expression of the pro-neural transcription factor Ascl1. In this study, we applied the same strategy to reprogram human MG
derived from fetal retina and retinal organoids into neurons. Combining single cell RNA sequencing, single cell ATAC sequencing, immu-

nofluorescence, and electrophysiology we demonstrate that human MG can be reprogrammed into neurogenic cells in vitro.

INTRODUCTION

Diseases that lead to degeneration of retinal cells are among
the leading causes of blindness worldwide (Stein et al.,
2021). Although regeneration of retinal cells is a robust pro-
cess in some non-mammalian vertebrates (Todd and Reh,
2022), this process does not occur in mammals. After injury
in several species, including zebrafish, the Miiller glia (MG)
re-enter the cell cycle and generate cells with characteristics
of retinal progenitors. The resulting progenitors proliferate
and generate new neurons (Goldman, 2014; Wan and
Goldman, 2016). By contrast, mammalian MG respond
to damage by activating a reactive process associated with
inflammation called gliosis (Bringmann et al., 2009; Dyer
and Cepko, 2000).

The molecular mechanisms involved in retinal regenera-
tion have been well studied in fish, amphibians, and birds,
and several key factors are critical for neural regeneration
from MG (Todd and Reh, 2022). One of these factors, the
pro-neural transcription factor (TF) Ascl1, is expressed after
injury in fish and birds, but not mammals (Fausett et al.,
2008; Fisher and Reh, 2001). Furthermore, Ascl1 (Asclla)
isrequired to initiate neurogenesis from MG in fish (Fausett
et al., 2008). When Ascl1 is overexpressed in mouse MG,
the cells acquire a progenitor-like phenotype after injury,
similar to that of the injured fish retina. These MG-derived
progenitor-like cells generate new neurons (Jorstad et al.,
2017; Pollak et al., 2013; Ueki et al., 2015), which are func-
tional and form connections with existing neurons (Jorstad
et al., 2017; 2020). Ascl1-reprogrammed MG generate pro-
genitors that primarily differentiate into bipolar or ama-
crine-like cell types (Jorstad et al., 2017; 2020). However,
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when additional TFs, Atohl, or the combination of Pou4f2
and Islet1, are co-expressed with Ascll, the reprogrammed
MG generate neurons that resemble retinal ganglions cells
(RGCs), demonstrating that additional TFs can control
the fates of the Ascll-reprogrammed MG (Todd et al.,
2021; 2022).

These results support the concept that MG might serve as
a source of retinal repair in human retinal diseases; howev-
er, we do not know whether the same factors will induce
neurogenesis from human MG (Salman et al.,, 2021).
Indeed, we know very little about the factors that normally
regulate the development of the human retina, although
many of the same mouse developmental genes are present
in human retina, gene regulatory networks differ (Eldred
et al., 2018; Lu et al., 2020; Lyu et al., 2021). Additionally,
the human retina has some characteristics the mouse retina
lacks, such as the fovea, and it is possible that foveal MG
may differ in their ability to be reprogrammed to a neuro-
genic state (Reichenbach and Bringmann, 2020).

We, therefore, undertook a study of human MG and
tested their ability to be reprogrammed to a neurogenic
state. In this study, we demonstrate that (1) human MG
arise and differentiate sooner than previously demon-
strated, in a region corresponding to the presumptive
fovea; (2) using two different models, we can generate
dissociated cultures of fetal human MG; (3) ASCL1 expres-
sion in dissociated MG cultures induces a neurogenic
program in the human MG; (4) ASCLI remodels the chro-
matin and induces a neurogenic progenitor state by acti-
vating retinal progenitor genes; and (5) the MG-derived
progenitor-like cells generate new neurons, based on their
morphology, gene expression, and electrophysiological
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properties. These results provide evidence of the potential
regenerative capacity of human MG.

RESULTS

Characterization of MG development in the human
fetal retina

To derive human MG from either fetal retina or retinal or-
ganoids, we first needed to better characterize their devel-
opment. There is currently not much known about MG
differentiation in humans, due to a lack of markers to
discriminate them from the retinal multipotent progenitor
cells (MPC) and limited access to human tissues at late
stages of gestation (Hoang et al., 2020; Hu et al., 2019; Lu
et al., 2020; Reichenbach and Bringmann, 2020; Tworig

Figure 1. MG appear around fetal week 8
in the PF of the human fetal retina

(A-C) Immunostaining of MG in the devel-
oping human retina at (A) D54/FWK7, (B)
D59/FWK8, and (C) D150/FW21. (A) MG and
RPE are labeled with RLBP1 (red); RPE, bi-
polar, and photoreceptors cells are labeled
with OTX2 (green), and DAPI (gray). Scale
bar, 200 pum.

(B) (Top) MG are co-stained with RLBP1
(red) and VSX2 (green) in a region (white
arrowheads) that does not contain PH3+
cells (magenta). (Bottom) MG are co-stained
with RLBP1 (red) and SOX9 (cyan). DAPI
(gray). Scale bar, 500 um in low-magnifi-
cation images. Scale bar, 50 um in higher
magnification images.

(C) MG are present in the central retina at
150 days, but not in the far periphery. RLBP1
(red) and VSX2 (green), DAPI (gray). Pro-
genitor cells are labeled with PH3 (magenta).
Scale bar, 50 pum.

(D) Volumetric imaging of a D59 human
fetal eye after whole mount staining and
clearing. (Top) A 2D sub-stack (20/1,370)
with maximum intensity projection of the
fetal eye immunolabeled with IBA1 (green),
RCVRN (magenta), and RLBP1 (red). Inset
shows some RLBP1+ cells in the RPE and in
the retina. (Bottom) IF whole-mount of the
fetal eye shown from side and front orien-
tations. Grid boxes show dimensions of the
intact volume. Arrowheads show the PF.
Scale bar, 100 um. GCL, ganglion cell layer;
INL, inner nuclear layer; N, nasal; ON, optic
nerve; ONL, outer nuclear layer; T, temporal.

and Feller, 2022). Moreover, the development of the retina
is not a homogeneous process, and the temporal central
retina, including the future fovea develops and matures
more than one month earlier than the periphery (Hen-
drickson, 2016; Hendrickson et al.,, 2012; Hendrickson
and Yuodelis, 1984; Hoshino et al., 2017).

To define when the MG first arise during human retinal
development, we used a combination of immunofluores-
cence (IF) on sections and cleared intact human fetal ret-
inas. Previous studies reported the presence of MG at
77 days (fetal week [FWK] 11) and later in the human cen-
tral retina (Hoshino et al., 2017; Lu et al., 2020; Sridhar
et al., 2020). By contrast, we find IF labeling for the MG ex-
pressed protein, RLBP1, as early as 54 days (FWKs 7-8) of
gestation in the central retina, in a region of temporal
retina that presages the future fovea (Figure 1A). Contrary
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to other MG markers, RLBP1 is specific to MG (and the
retinal pigment epithelium [RPE]) and, to the best of our
knowledge is not present in the MPC (Sridhar et al.,
2020). At 59 days (FWKS8), we confirmed the presence of
MG with additional IF markers, VSX2 and SOX9, along
with RLBP1 (Figure 1B). Birth dating studies in other spe-
cies have shown the MG are among the last cell types to
be generated by the MPC; as a result, the appearance of
RLBP1 in the presumptive fovea at fetal day 59 (FD59) cor-
relates with the loss of markers of mitotic proliferation,
such as PH3 (Figure 1B, arrowheads) (Cepko et al., 1996;
Hoshino et al.,, 2017). In more mature retinal samples,
MG differentiation then spreads from the central temporal
retina to more peripheral regions. MG cells can be identi-
fied in the temporal periphery at approximately FD150
(FWK 21); however, they are still absent from the far pe-
riphery (Figure 1C). Although some MPC remain in the
far peripheral retina at FD150, a large part of the retina con-
tains MG at this stage (Figure 1C).

Early foveal development can be visualized within intact
human fetal eye samples using whole-mount tissue
clearing and IF staining protocols paired with volumetric
three-dimensional (3D) light sheet fluorescent microscopy
(LSFM) imaging (Vigouroux et al., 2020) (Figure 1D and
Video S1). This approach conserves spatial relationships
and provides an intact view of IF localization across the
whole eye, without a priori selection of regions of interest,
like in standard section-based IF. Intact DS9 human fetal
eye was immunostained for IBA1 (microglia), Recoverin
(RCVRN; photoreceptors and bipolar cells) and RLBP1
expression (Figure 1D, top). IBA1 IF shows microglial cells
present throughout the retina, while RCVRN expression
is confined to the presumptive fovea (PF), temporal to the
optic nerve. As noted above in sections, RLBP1 is also
observed within the PF (Figure 1D, top inset), although
this is difficult to cleanly visualize due to RLBP1 labeling
within the RPE. We used 3D reconstruction (Figure 1D, bot-
tom) to visualize RCVRN (magenta) localization across the
intact eye (green), characterizing the spatial distribution of
RCVRN labeling throughout the intact PF. Parallel analysis
of a younger sample (D57) recapitulated the same expres-
sion pattern of RCVRN in the temporal side of the retina
at the PF (Figures S1A and S1B).

Previous studies have described the transcriptome and
accessible chromatin of the developing human retina
but have not specifically focused on MG development.
Since our IF evidence indicated that MG were already pre-
sent in the PF as early as FWKS, we collected additional
samples of fetal retina and processed them for combined
single nuclei ATAC sequencing (snATAC-seq) and single
nuclear RNA sequencing (SnRNA-seq) (Multiome) to char-
acterize the first MG in human retina. We collected two
different fetal retinal samples, a day 59 (FWK 8) and a day
76 (FWK 10); for the second sample, we dissected the cen-
tral retina, including the PF (76C) from the peripheral re-
gions (76P) and processed the two different regions sepa-
rately (Figure 2A). For the day 59 sample, data from 5,652
nuclei were analyzed using Seurat (Figure S2A). For the
day 76 sample, data from 3,178 nuclei for the central retina
and 1,739 nuclei for the peripheral retina were analyzed. To
identify the MG in the single nuclei data, we merged the
three datasets together and generated a single UMAP plot
(Figure 2B). To determine the cell types present in the
different clusters in the UMAP plot, we used known marker
genes, such as POU4F2 (RGCs), OTX2 (photoreceptors and
bipolar cells), PRDM1 (photoreceptors) and PTF1A (ama-
crine cells) (Figures 2B, S2B, and S3A). In Figure 2B, the in-
tegrated UMAD, split by sample, shows the presence of the
different cell types over time and per region, confirming
earlier reports . Cell clusters from the day 59 and day 76C
largely overlap; however, at the later staged of the central
retina, there were fewer cells composing the MPC and
neurogenic precursor (Npre) clusters, and more cells pre-
sent in late-generated neuronal clusters (amacrine, rod,
and bipolar cells). Interestingly, the day 76P sample is still
mostly composed of undifferentiated cell types and early
generated neuronal clusters (RGCs, cones, and horizontal
cells) and thus seems to be less advanced compared with
the other samples (Figures 2B’ and S3B). Cells were next ar-
ranged in pseudotime, with the beginning of the branch in
the MPC cluster and the tip of the branch ending in the
desired neuronal cluster (Figure 2C). We next analyzed
the different TF motifs associated with the accessible chro-
matin over pseudotime and generated “cascade plots” mo-
tifs in addition to the corresponding RNA expression for
the RGC (Figures 2D and 2D’) and cone (Figures 2E and

Figure 2. SnRNA-seq and SnATAC-seq of the developing human retina

(A) Schematic of the single cell Multiome experiment.

(B) UMAP plot from the snRNA-seq merged datasets (FWK8 + FWK10) colored by cell type. AMC, amacrine cells; AST, astrocytes; BIP/ROD,
bipolar and rod photoreceptor cells; CON, cone photoreceptors; HOR, horizontal cells; MPC, multipotent progenitor cells; Npre, neurogenic
precursors; MG, muller glia; RGC, retinal ganglion cells. (B") Distribution of the cells projected onto UMAP plots and split by conditions.

(C) Pseudotime values for FWK8 + FWK10 cells.

(D) Heatmap showing the cascade of TF motif accessibility variation found in the RGC lineage over pseudotime (D’) and the corresponding

RNA expression for each TF in the RGC lineage.

(E and E’) Similar to (D and D'), respectively, but for the cone lineage.
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2F') clusters. Cascade plots of enriched motifs for each clus-
ter (RGC and cone) are consistent with previous reports
showing a downregulation of progenitor motifs (VSX2,
SOX2) followed by a progressive increase in neurogenic
motifs (ASCL1, ATOH7, and NEUROD1) and cell-type-
specific neuronal motifs (POU4F2 for RGCs and OTX2/
CRX for cones) (Finkbeiner et al., 2022; Lyu et al., 2021).

As our focus is the development of the MG in the human
retina, we next used our Multiome data to find one cluster
that could be identified as MG by the expression of estab-
lished markers: RLBP1 and SCL1A3 (Figures 3A and S2C).
Although the MG are quite similar to the MPC, the MG ex-
press genes typical of the G1 phase of the cell cycle, while
the MPC express S and G2 phase mitotic cell cycle genes
(Figures 3B and S2A’). As we, and others, have previously
noted, MG seem to differentiate from the MPC without
entering the Npre stage (characterized by ATOH7 expres-
sion), unlike the neuronal cell types, which pass through
this stage on their way to terminal differentiation (Fig-
ure 3C) (Finkbeiner et al., 2022; Lyu et al., 2021). Similarly,
to the RGC and Cone clusters, we also generated a cascade
plot for motifs enriched in accessible DNA in the MG clus-
ter. Cells were ordered in pseudotime from MPC to MG,
keeping only the cells in G1 to minimize the effect of the
cell-cycle genes (Figure 3D). Although, at this age, the
MG cluster contains only a small number of cells, we
observed variation in several TF motifs over pseudotime,
including an upregulation of RORB and NFIB motifs,
consistent with their respective RNA expression
(Figures 3E, 3E/, and 3F). In contrast, the LHX2 motif and
RNA expression decrease in the MG cluster (Figures 3E,
3E/, and 3F).

To better characterize the differences between MPC and
MG, we analyzed the genes enriched in the MG cluster
(Figures 3G, S2D, and S2E). The scatterplot in Figure 3G
shows genes more highly expressed in the MG cluster,
such as NFIA, SOX5 and WTNS5B. In addition, we find an
enrichment in Gene Ontology (GO) terms related to “neu-

rogenesis” in the MPC cluster compared with MG (Fig-
ure S3C). Taking advantage of the Multiome technique,
we next assessed the differences in DNA accessibility be-
tween the two clusters. We observed several regions con-
taining higher abundance peaks specific to MG compared
with MPC (Figure S3D). For instance, surrounding the
RLBP1 and the SLC1A3 loci, we identified two accessible re-
gions specific to MG (Figures 3H and 3H’) significantly
associated with the expression of these genes. As these
two genes (RLBPI and SLC1A3) are essential for some phys-
iological functions of the MG, this result further confirms
the early specification of MG in the human fetal retina.
We also investigated two other genes, SAT1 and RARB,
which are highly expressed in the MG cluster and that
are not known to be human glial-specific genes. We found
peaks specific to the MG cluster in regions surrounding
these two genes (Figures 3I and 3I'). It thus seems that
SAT1 and RARB may be early markers of MG in the human
fetal retina. From this analysis, we identified markers that
allow us to better discriminate between the MG and the
MPC at the DNA, RNA, and protein levels.

Characterization of MG derived from organoids and
fetal retina in dissociated cell cultures

We have found that MG are present in the central retina at
early stages of fetal human development; however, in the
retinal periphery MPC persist as late as FD150 (Figure 1C).
Therefore, we isolated MG from stages of retina older than
FD150 to reliably establish MG cultures for reprogram-
ming. We tested two different sources of MG: (1) late-stage,
pluripotent stem cell-derived retinal organoids (Figure 4A)
and (2) fetal retina cultures maintained in vitro, which we
called “retinospheres.” Retinal organoids have been shown
to faithfully recapitulate retinogenesis, generating all the
retinal cell types with a comparable timeline as the fetal
retina (Sridhar et al., 2020). Using MG markers (e.g.,
RLBP1, SOX2), we find that MG appear between D120
and D136 in retinal organoids (Volkner et al., 2022)

Figure 3. SnRNA-seq and SnATAC-seq show MG specification as early as D59 in the human fetal retina
(A) Feature plots showing the genes RLBP1 and SLC1A3 expression values.

(B) Different phases of the cell cycle, showing that MG are mostly in G1.

(C) Schematic model of progenitor cell fate decisions at FWK8 and FWK10.

(D) Pseudotime values for MG and MPC cells in G1 only.

(E) Heatmap of the enriched TF motifs in DNA accessible regions found in the MG lineage over pseudotime (E’) and the corresponding RNA

expression for each TF of the heatmap.
(F) Chromvar scores of NFIB (F) anf LHX2 (F) motifs.

(G) Scatterplot of the genes expressed differentially between MPC (blue) and MG (red). Genes that show significantly different expression
are colored and the top 10 genes are labeled. RLBP1 is significantly more highly expressed in the MG than in the MPCs, but it is not in the

top 10 genes.

(H and H’) Peak to gene analysis at the RLBP1 (H) and SLC1A3 (H’) loci. (Left) Feature plots of the peaks highlighted on the right.
(Iand I') Peak to gene analysis for the SAT1 (I) and RARB (I') loci. (Left) Feature plots of the RNA-seq expression levels. (Middle) Feature
plots of the peaks shown on the right, to demonstrate correspondence between the gene expression and accessible chromatin at these

additional glial genes.
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(Figure 4B). By 200 days, MG markers (RLBP1, SOX9, SOX2,
GFAP, and VSX2) are strongly expressed in all organoids
(Figure 4C). Although these cells may not be identical to
adult MG, they differ from MPC in their lack of genes asso-
ciated with neurogenesis such as ASCL1 and NEUROG2
(Cowan et al., 2020; Sridhar et al., 2020; Thomas et al.,
2022); however, it is important to note that retinal organo-
ids are heterogeneous, and do not mature synchronously
(Capowski et al., 2019; Volkner et al., 2016).

Although MG derived from retinal organoids resemble
those present in normal retina, fetal retina can provide an
alternate source for dissociated MG cultures (Figure 4D).
Since we cannot obtain fetal samples from 200 days of
gestation, we have developed a long-term in vitro culture
of human fetal retina, called retinospheres (RS), which
allows fetal retinas of all ages to be maintained in 3D orga-
nized and laminated structures for many months (Eldred
and Reh, 2021; Sridhar et al., 2020). During the time
in vitro, the retinal cells continue to mature and differen-
tiate, and the MG can be labeled with the same markers
used in retinal organoids (Figure 4E). Therefore, we ob-
tained fetal samples from gestational ages of approximately
100 days and maintained these as RS for another 100 days
so that they would be equivalent to the organoids. For
example, in Figure 4E we show, RS 127 + 50, which is a
127-day-old fetal sample that was dissected and subse-
quently maintained for 50 days in vitro as a RS. At this
age, RS are mostly composed of differentiated neurons
(OTX2+, HuC/D+) and contain few proliferating MPC,
whereas younger spheres contain a higher percentage of
Ki67+ and PH3+ cells (Figure 4F). Since RS can be generated
from different regions of the retina, we noticed some differ-
ences between RS originating from the central (most
mature) or peripheral retina (least mature), consistent
with the central to peripheral gradient in maturation of
the human retina (Figure 4F).

To generate dissociated cell cultures of the MG, we adapt-
ed the protocol previously established for dissociated MG
from mice (Pollak et al., 2013; Ueki et al., 2012). Retinal or-

ganoids or RS were enzymatically dissociated, and the cells
plated for up to 10 days prior to passaging (Figure 4G). Most
neurons do not survive in these culture conditions, and
passaging the cells leads to further loss in surviving
neurons. Cells were characterized with IF after passaging
(Figure 4H). Although RLBP1, one of the key markers of
MG, is downregulated in the dissociated cultures (Coutu-
rier et al., 2021; Ning et al., 2022), other markers of glial
cells persist (e.g., GFAP and SOX2), confirming the pres-
ence of MG in the cultures derived from either retinal orga-
noids or RS (Figure 4H). In dissociated MG cultures from or-
ganoids or from RS, the MG proliferate for at least two
population doublings in 10 days; the cells can then be
stored for later use (Ning et al., 2022). The dissociated cul-
tures of MG from organoids or RS were very similar, exhib-
iting a large soma and oval nuclei (Figure 4H) (Eastlake
et al., 2019).

Although most cells in the cultures derived from the RS
were MG, based on their IF for glial proteins, we noticed
the presence of PAX2+/SOX2+ cells, which are potentially
retinal astrocytes (Stanke et al., 2010). Moreover, immuno-
labeling of D150 fetal retinal sections shows PAX2+ cells in
the ganglion cell layer, providing further evidence of the as-
trocytic derivation of the PAX2+ cells (Figure S4A). Of note,
the astrocyte population is more highly represented in the
dissociated cultures from RS, than from organoids
(Figures S4B-S4F). Since we can be reasonably confident
that the PAX2+/SOX2+ cells in the dissociated cultures
are derived from astrocytes, and are not MG, we removed
them from further analysis of the snRNA-seq and single
cell RNA sequencing (scRNA-seq) datasets.

ASCL1-mediated reprogramming of MG from retinal
organoids

Using the organoid and RS-derived dissociated MG cul-
tures, we tested whether ASCL1 would induce neurogene-
sis. MG cells derived from retinal organoids were infected
with a lentivirus containing ASCL1-IRES-GFP under a cyto-
megalovirus (CMV) promoter and maintained in culture

Figure 4. MG development in the retinal organoids and retinosheres s and characterization of MG dissociated cultures
(A) Schematic protocol for embryonic stem cell (ESC) differentiation protocol to generate retinal organoids (RO).

(B) Images of MG development in retinal organoids over time labeled with RLBP1 (red), DAPI (grey) and SOX2 (green). Scale bar, 100 pum.
(C) By 200 days, MG are clearly present as shown by glial markers, including RLBP1 (red), VSX2 (green), SOX9 (blue), and SOX2 (cyan). DAPI
(gray). Scale bar, 100 pum.

(D) (Top) Schematic protocol for the generation of Retinospheres (RS). (Bottom) RS made from several fetal retinas and cultured for
various times as labeled. Scale bar, 500 pum.

(E) Characterization of the MG in RS with the same markers used for (C). Scale bar, 100 pum.

(F) RS maintained in vitro for 8 or 63 days to show progressive differentiation of photoreceptors and bipolar cells (0TX2, cyan) and loss in
MPC (Ki67, red and PH3, yellow); HuC/D+ (magenta) amacrine cells and RGCs are also labeled. Scale bar, 100 pum.

(G) Schematic protocol for MG dissociation from RS and RO.

(H) Dissociated MG cultures derived from RS and RO and staining with glial markers SOX2 (cyan) and GFAP (magenta) Scale bar, 100 um. BF,
Brightfield. Scale bar, 250 pum.
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for approximately 5 days prior to analysis (Figures 5A and
5B). A lentivirus expressing GFP was used as a control. We
assessed the ASCL1-expressing MG for evidence of neural
reprogramming using IF and Multiome to monitor gene
expression and chromatin changes after ASCLI over-
expression (Figure SA).

Many cells in the MG cultures infected with ASCLI ex-
pressed neural markers (Figure 5B), like TUJ1 (TUBB3),
and acquired a neuronal morphology, while neuronal
cells were not observed in the control condition (Fig-
ure 5C). The addition of S5-ethynyl-2’-deoxyuridine
(EdU) to the culture allowed us to track newly generated
cells by incorporation of EdU into newly synthesized
DNA. This method allowed us to control for any surviving
neurons from the initial dissociation of the organoids. In
ASCL1-infected and control conditions, EAU* cells were
observed; however, we did not observe any EAU*/TUJ1*
cells in the control condition, whereas we found many ex-
amples of EAU*/TUJ1* cells in the ASCL1-infected cells
(Figure 5C).

The results of ASCL1 infection in MG were further
analyzed using snRNA-seq. The UMAP plots of the merged
conditions (control [CTL] and ASCL1) show multiple clus-
ters, with cell types identified by their expression of known
marker genes (Figure 5D). Both conditions have a large
cluster of MG cells (purple), but clusters of neurogenic pre-
cursors (green) and neurons (red) were only present in the
ASCL1 treatment condition (Figure 5D’). The cells in the
neurogenic precursors cluster express ASCL1 and target
genes: HES6, DLL1, and DLL3 (Figure 5F). Moreover, a sub-
set of ASCL1-infected cells expresses markers of mitotic
proliferation, consistent with prior results in mice that
over-expression of ASCLI in MG stimulates mitotic prolif-
eration (Figure 5D") (Pollak et al., 2013). Importantly, there
was a cluster of cells expressing neuronal genes such
RBFOX3 (NeuN), a neural marker (Figure S5E), and a reduc-
tion in the expression of glial markers (e.g., vimentin) as
the MG transition to neurogenic progenitor and neurons,
supporting the assumption that these neurogenic precur-
sor cells are derived from MG (Figure SE). Compared with
the CTL condition, several neuronal genes were upregu-
lated in the ASCL1 condition, including ELAVL2, ELAVL3

(HuC), and SOX11 (Figure 5F). Furthermore, GO analysis
revealed that the terms enriched in the neuronal clusters
are associated with “neurogenesis” and “neuron differenti-
ation” (Figure 5G).

These results show that lentiviral expression of ASCLI
induced neurogenic progenitors and neurons from MG.
Since we processed the cells for Multiome analysis, we
were able to correlate chromatin accessibility with RNA
expression, using Signac. Our data show that the ASCL1
motif is abundant in the clusters induced by the viral
expression of ASCL1 (Figure 5H). In addition, ASCLI re-
models the chromatin to increase accessibility at its pre-
dicted targets, such as HES6 and DLLI (Figures 5I and ST').
These results further demonstrate that human MG can be
reprogrammed to neurogenic precursors, with the cells
acquiring both a transcriptome and epigenomic states,
similar to these cell types observed in the developing
retina.

ASCLI1-mediated reprogramming of MG cultures from
human fetal retina

Although the cells generated in retinal organoids compare
very well with those of the fetal retina in transcriptome
and developmental timing (Sridhar et al., 2020), long-term
cultures of organoids show disorganization of the inner
retina that could impact MG development (Capowski
et al., 2019). By contrast, the MG in RS maintain their
normal structure, even up to 200 days of culture, and there-
fore may represent a better model for MG in vitro (Eldred and
Reh, 2021; Sridhar et al., 2020). For this reason, we carried
out a similar reprograming experiment to those described
above using RS-derived MG. To ensure the MG cultures did
not contain any progenitors, RS were treated with a gamma
secretase inhibitor (PF4014) for 3 days prior to dissociation
of the MG in two-dimensional (2D) cultures. Previous
studies have shown that inhibition of the Notch signaling
pathway rapidly induces the differentiation of MPC (Chew
et al.,, 2022; Kaufman et al., 2019; Nelson et al., 2007).

To test whether fetal MG can be reprogrammed to neuro-
genic precursors, we used the same lentiviral-mediated
gene delivery for ASCL1 over-expression and a lentivirus-
driving GFP expression as a CTL. Eight days after infection,

Figure 5. ASCL1 induces a neurogenic program in MG derived from organoids in vitro

(A) Schematic of the experimental timeline.

(B) ASCL1-infected MG 5 days post infection (D5pi). (Right) Brightfield image. (Left) GFP reporter expression. Scale bar, 500 um.

(C) Newly generated neurons express TUJ1 (magenta) and EdU+ (cyan) in vitro culture after ASCLI over-expression. DAPI (gray). Scale bar, 100 pm.
(D) Integrated UMAP plot of the MG cultures (D’) with and without ASCL1. (D”) UMAP plot showing the different phase of the cell cycle.
(E) Feature plots showing the expression of vimentin (VIM), HES6, ASCL1, and RBFOX3 (NeuN).

(F) Heatmap comparing the average expression of selected genes with and without ASCL1 over-expression (CTL condition).

(G) Top GO biological process analysis for the reprogrammed neuronal cluster.

(H) ASCL1 motif and coverage plot accessibility near ASCL1.

(Iand I') Coverage plots of accessibility near (I) DLLI and (I') HES6 genes.
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we performed IF and scRNA-seq to evaluate the ability of
ASCL1 to reprogram fetal-derived MG (Figures 6A and
6B). The results were similar in the fetal MG to what we
had observed in the organoid-derived MG: the ASCL1-in-
fected cells, but not the CTL, contained EAU" cells that ac-
quired a neuronal morphology and expressed several
markers of differentiating neurons, including TUJ1, DCX,
and HuC/D (Figure 6C). Although DCX is frequently used
as a marker of immature neurons in other regions of the
nervous system, this has not been reported for developing
retina; therefore, we carried out a parallel analysis of DCX
in intact RS to determine the types of neurons that express
this gene in the retina. IF analysis demonstrated that DCX
overlaps with the neuronal marker TUJ1 (TUBB3), the gan-
glion/amacrine markers HuC/D (ELAVL3/4) and calbindin
(CalB) (Figure 6D). More important, DCX and TUJ1 do
not overlap with VSX2, which is expressed in MG, bipolar,
and progenitor cells (Figure 6D). Thus, our results demon-
strate that expressing ASCL1 in MG induces a neurogenic
program in the cells.

We also analyzed the RS-derived MG with the scRNA-seq
approach. Results are shown on UMAP plots and cell types
are identified by their expression of known marker genes.
In both the CTL and the ASCL1 conditions, we find a cluster
of MG (Figure 6E, purple); however, there are several addi-
tional clusters that are only present in the ASCL1-infected
cells (Figure 6E"). The new clusters are composed of neuro-
genic precursors (green) and neurons (red), as defined by
their expression of genes that identify these cell types (Fig-
ure 6E). For example, HES6 is expressed in neurogenic pre-
cursors during retinal development, while DCX, RBFOX3
(NeuN), and ELAVL3 (HuC) are expressed in newly gener-
ated retinal neurons (Figures 6E and 6F). After the addition
of the pro-neural TE, we found the activation of key genes
downstream of ASCLI such as DLL3, INSM1, and SOX11
(Figure 6G). This result was then further confirmed with a
GO analysis, showing that genes in the neuronal cluster
are associated with terms including “neurogenesis” and
‘neuron differentiation” (Figure 6H). In addition, we also
used the top 25 genes expressed in the induced neuronal
clusters (Figure 6E) and plotted those onto human fetal

retinal Multiome data (Figure 2B): the majority of the top
25 genes are also expressed by cells present in the Npre
and the immature RGC cluster in the human fetal retina
(Figures S5A and SSB).

Overall, our data show that ASCL1 can reprogram fetal
MG in dissociated cultures, much like the organoid-derived
MG (Figures SS5C-S5F). To directly compare the reprogram-
ming of MG derived from the two sources, we integrated
the data to a single UMAP plot (Figure S6G). This analysis re-
vealed that both sources of human MG (retinal organoids
and fetal retinas) can be reprogrammed to neurogenic pre-
cursors after ASCL1 over-expression with similar results
(Figures S5G’ and S5G”). However, in both conditions the
majority of the reprogrammed cells remained in a neuro-
genic precursor state, and only a subset differentiate into
neurons. One possibility is that Notch signaling, induced
by ASCL1 expression, prevents differentiation into neurons.
Examining the chromatin landscape of the reprogrammed
cells, we find that, while ASCL1 activates its downstream tar-
gets, feedback inhibitors of ASCL1, such as ID1, ID3, and
HES]1, are also expressed in these cells (Figure S6A) (Boareto
et al., 2017; Sueda et al., 2019; Sueda and Kageyama, 2020;
Vinals et al., 2004). These results suggest that inhibition of
Notch signaling may increase the number of new neurons
generated by the ASCL1 reprogrammed MG. To test this hy-
pothesis, we used our in vitro regenerative paradigm with the
addition of a Notch inhibitor in the dissociated MG cultures
(PF4014 a gamma secretase inhibitor) 4 days after the ASCL1
induction and performed scRNA-seq at day 6 (Figure S6B).
Consistent with our previous data, cells follow the same re-
programming trajectory and expressed the same neuronal
markers (DCX, ELAVL3, and RBFOX3) as previously demon-
strated (Figures S6C and S6D). Although the neurogenic ef-
ficiency is slightly increased after the addition of the Notch
inhibitor treatment compared with the ASCL1 condition
alone, the difference is relatively small (Figures S6E and
S6F). However, we observed a cluster of OTX2+-induced
neurons only in the Notch inhibition condition (Fig-
ure S6G). Overall, this analysis revealed that Notch inhibi-
tion may impact cell fate after ASCL1 expression in human
MG cultures.

Figure 6. ASCL1 induces a neurogenic program in MG derived from human fetal retina in vitro

(A) Schematic of the experimental timeline.

(B) ASCL1-infected MG 6 days post infection (D6pi). (Right) Brightfield image. (Left) GFP reporter expression. Scale bar, 500 um.

(C) Newly generated neurons express TUJ1 (magenta), HuC/D (red, top), DCX (red, bottom), and EdU+ (cyan) in vitro culture after ASCL1
over-expression. DAPI is in gray. Scale bar, 100 um. MG-reprogrammed neurons with higher magnification. Scale bar, 50 um.

(D) RS sections showing that DCX (green) co-localized with TUJ1 (red, top), HuC/D (red, bottom), and calbindin (magenta, bottom), but
not with VSX2 (blue, top). Scale bar, 100 um for composite images. Scale bar, 50 um for the individual channels.

(E) Integrated UMAP plot of the MG cultures (E') with and without ASCL1. (E”) UMAP plot showing the different phase of the cell cycle.
(F) Feature plots showing the expression of vimentin (VIM), HES6, ASCL1, PROX1, DCX, RBFOX3 (NeuN), ELAVL3, and ONECUT2.

(G) Heatmap comparing the average expression of selected genes in the two conditions (CTL and ASCL1 over-expression).

(H) Top GO biological process analysis for the reprogrammed neuronal cluster.
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Figure 7. MG-derived cells demonstrate electrophysiological
properties in vitro

Voltage-activated conductances in reprogrammed cells.

(A and B) Current responses produced by voltage steps ranging from
—100 mV to +40 mV from a starting voltage of —60 mV. (A) Re-
sponses at step onset and (B) responses at step offset.

(Cand D) Current responses for two different reprogrammed cells to
the same protocol as in (A) and (B). The red trace in (C) was pro-
duced for a step from —60 mV to —20 mV, and the red trace in
(D) for a step from —60 mV to —100 mV.

(E) Voltage responses elicited by a hyperpolarizing current step.
The three traces shown are individual responses to the same current
step. This cell generated all-or-none depolarizations for these steps
(red arrows).

(F) Summary of inward currents produced in CTL and reprogrammed
cells at the onset or offset of voltage steps. Each point represents
the maximal inward currents at step onset plotted against that at
step offset for a single cell.

MG-derived cells demonstrate neuronal
electrophysiological properties

We then used electrophysiology to characterize the electri-
cal properties of reprogrammed cells derived from retino-
sphere MG. Patch-clamp electrophysiology was performed
on GFP+ cells 6 days after ASCL1 over-expression. We re-
corded changes in membrane voltage in response to in-
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jected current steps and changes in current in response to
voltage steps. The electrical properties of CTL and reprog-
rammed cells differed substantially. Figures 7A and 7B pre-
sent current responses of a CTL cell, with Figure 7A
showing currents shortly after a series of depolarizing
voltage steps and Figure 7B showing responses at the end
of the voltage steps. The near uniform spacing of the cur-
rent traces suggests at most a modest contribution of
voltage-dependent conductance. This behavior is more
consistent with a glial phenotype than a neuronal pheno-
type. In some cells, however, depolarization opened ion
channels, as demonstrated by an increased spacing of the
current responses; these currents were likely generated by
voltage-activated K* channels. Figures 7C and 7D demon-
strate responses of reprogrammed cells to the same proto-
col; responses at step onset (Figure 7C) and offset (Fig-
ure 7D) are from different cells. Six of seven
reprogrammed cells displayed clear inward currents at the
onset or offset of voltage steps (red traces in Figures 7C
and 7D). These inward currents produced by the reprog-
rammed cells likely originate from Na* or Ca** currents,
consistent with a neuronal phenotype. Indeed, injecting
currents into some of the reprogrammed cells produced
amplified depolarizing voltage changes—and in some cases
full all-or-none action potentials (Figure 7E).

There was considerable heterogeneity in the magnitude
of the inward currents across reprogrammed cells. Hence
to summarize these results, we plotted the maximum in-
ward currents for each individual CTL or reprogrammed
cell at the onset (y axis) and offset (x axis) of the voltage
steps (Figure 7F, each point represents one cell). Reprog-
rammed cells generated larger inward currents, often by a
factor of 10-100. Overall, our results show that ASCL1-re-
programmed cells display electrophysiological properties
quite unlike glia and more similar to immature neurons,
consistent with the scRNA-seq and IF data.

DISCUSSION

Recent studies from our group and others have shown that
MG in mouse retina can be stimulated to regenerate new
neurons after injury by over-expressing Ascl1, a pro-neural
TF, along with the histone deacetylase (HDAC) inhibitor:
trichostatin A (TSA); however, the feasibility of this strategy
for human cells was not known when we began our studies
(Jorstad et al., 2017; 2020; Todd et al., 2021; 2022). The
findings of the current report show that human MG,
derived from either organoids or fetal retina, can be reprog-
rammed to a neurogenic state using ASCL1, much like MG
from mice.

In our detailed study of MG development in the human
fetal retina, we have found that the first MG appear earlier



than previously thought; they are already present in the PF
at FD59 (Hoshino et al., 2017; Lu et al., 2020; Sridhar et al.,
2020). MG soon appear outside the fovea and spread across
the retina, but do not yet reach the periphery until after
FD150, the oldest fetal age we have been able to examine.
Nevertheless, a recently developed culture system, RS, al-
lows us to maintain fetal retina for hundreds of days, allow-
ing for MG maturation (Eldred and Reh, 2021; Sridhar
et al., 2020). Using this system, we find that, by 180 days,
RLBP1-expressing MG are present in all retinospheres.
Retinal organoids follow a similar time course, and, by
200 days, organoids contain MG that express mature glial
markers such as RLBP1 (Ning et al., 2022; Sridhar et al.,
2020; Volkner et al., 2022).

To develop the conditions for culturing MG as dissoci-
ated cells, we relied on previously published methods in
mice (Pollak et al., 2013). Like mouse MG cultures, human
MG display a glial morphology with prominent oval nuclei
(Ning et al., 2022). Dissociated MG cultures have several
potential advantages over the explant cultures or organo-
ids, in that they can be expanded and banked for later
use. In addition, dissociated cell cultures are easier to infect
with viral reprogramming factors. However, some key
genes normally present in MG, such as RLBP1, are downre-
gulated in dissociated cell cultures (Couturier et al., 2021;
Ning et al., 2022). Changes in the cellular environment
combined with a loss of polarity of the MG in dissociated
culture may explain this difference, although these
changes were not observed in mouse MG cultures. Never-
theless, dissociated human MG are still easily identifiable
in dissociated culture, as they express others glial marker
such as SOX2, PAX6, and GFAP that are not present in
other potentially contaminating cell types, such as
astrocytes.

We find that ASCL1 over-expression induces neurogen-
esis in the human MG cultures. Using IF, we showed
that induced neurons exhibit a neuronal morphology:
a small, round nucleus and multiple, long processes.
Furthermore, they express the pan-neuronal marker
TU]J1 (TUBB3), in addition to DCX and HuC/D, which
are both expressed in RGC and amacrine cells in the hu-
man fetal retina. sSCRNA-seq analysis combined with elec-
trophysiological studies further validated this result,
showing that the MG-derived neurons express the same
neural markers previously identified by IF (DCX, HuC/
D [ELAVL3/4]) and display neuronal characteristics such
as Na* and Ca®* currents and action potentials. Overall,
our data suggest that ASCLI induces human fetal MG
neurogenesis toward immature RGC-like and amacrine-
like neurons in vitro.

The types of neurons generated by MG in human cul-
tures differs from what we observe in mice, where Ascl1
induced MG to generate Otx2+ bipolar-like cells (Jorstad

et al., 2017; Pollak et al., 2013; Ueki et al., 2015). It re-
mains unclear why there are differences in the types of
neurons generated by the reprogrammed MG from
mouse and human. It is possible that ASCLI plays a
different role in neuronal specification in the two spe-
cies; however, single-cell transcriptomics and epigenom-
ics show similar patterns of expression and motif accessi-
bility for ASCL1 in human and mouse development
(Hoshino et al., 2017; Jorstad et al., 2020; VandenBosch
et al., 2020). Alternatively, it is possible that differences
in the duration of the cultures affects the types of neuron
fate choices available with ASCLI over-expression. For
example, the mouse MG are cultured for only 1-2 weeks,
while the human cells were in vitro for 200 days.
Although both organoid-derived and RS-derived MG are
quite similar to freshly isolated fetal MG, dissociation
and passaging may cause them to diverge in gene expres-
sion over time; some of the genes downregulated in MG
could play a role in OTX2 induction after ASCL1 over-
expression. It is also intriguing that inhibition of Notch
signaling enables the generation of OTX2+ neurons. The
bias toward the OTX2 lineage after Notch signaling inhi-
bition has already been described in previous studies
(Chew et al.,, 2022; Finkbeiner et al., 2022; Jadhav
et al., 2006).

Although the addition of a Notch inhibitor slightly in-
creases the neuronal cluster compared with the ASCL1
only condition, the majority of the cells remain in the
neurogenic precursor fate. Additionally, other factors
have been shown to limit neurogenesis from ASCL1-re-
programmed MG in mice, such as microglial ablation or
STAT inhibition (Jorstad et al., 2020; Todd et al., 2020).
Testing these variables in human MG reprograming para-
digm may lead to increased neurogenesis. Furthermore,
additional TFs may be needed to increase the efficiency
of neurogenesis in vitro, including the bHLH TF ATOH7
(Todd et al., 2021; 2022). Previous reports in mice have
also found that reprogramming MG with Ascl1 in vivo re-
sults in a more stable and well differentiated population
of MG-derived neurons than what occurs with in vitro re-
programming with the same factor (Pollak et al., 2013;
Ueki et al., 2015). Therefore, further studies in a more
intact environment, such as the 3D RS and retinal organo-
ids, will be needed to further test the reprogramming po-
tential of ASCLI in human MG.

Taken together, our work shows evidence of regenerative
capacity in human MG. This study constitutes a proof of
principle that the human MG, as well as the mouse MG,
can be reprogrammed into neurons after the over-expres-
sion of the pro-neural TFASCL1. In the context of restoring
vision loss, cell transplantation and regenerative strategies
have the potential to restore lost neurons and represent
complementary approaches. However, while stimulation
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of regeneration may someday be a viable strategy to repair
the human retina, many challenges remain. We anticipate
that future studies will continue to build on our findings, to
explore the regenerative capacities of adult MG in degener-
ative contexts.

EXPERIMENTAL PROCEDURES

Resource availability

Data are available in the main text or in the supplemental informa-
tion. All unique reagents generated for this study are available from
the lead contact without restriction.

Corresponding author

Further information and requests for resources and reagents
should be directed to and will be fulfilled by the corresponding
author Thomas A. Reh: tomreh@uw.edu.

Materials availability

No new reagents were generated for this report.

Data and code availability

All the Multiome and scRNA-seq datasets generated for this manu-
script have been deposited on the Gene Expression Omnibus
(GEO) repository under the accession number GSE246169.

Organoid cultures

Retinal organoids were generated as previously demonstrated
(Meyer et al., 2009; Sridhar et al., 2020; Zhong et al., 2014).
Detailed protocol is available in the supplemental information.

Fetal retina tissue and RS cultures

Human retinal tissues were obtained from the Birth Defect
Research Laboratory at the University of Washington using an
approved protocol (UW5R24HD000836). Sample ages were esti-
mated by different techniques, including gestational ultrasound
examination, crown-rump length, and fetal foot length (Fitzsim-
mons et al., 1994). RS were made as previously described (Sridhar
et al., 2020).

Plasmids and viral production for 2D MG cultures
infection

PLOC-hASCL1-IRES-turboGFP(nuc) (Open Biosystems) and PLOC-
IRES-turboGFP(nuc) plasmids were used as previously described
(Pollak et al., 2013). Lentiviral particles containing the plasmid
constructions were produced using Lenti-Xtm Packing Single
Shots (VSV-G), according to the manufacturer’s protocol (Takara
Bio).

Cell dissociation and MG cultures

Retinal organoids and RS were digested with Papain (Worthington)
for 15-30 min at 37°C, on a nutator with mechanical dissociation
using a P1000 pipette every 10 min. Ovomucin (Worthington) was
added to the solution to stop the reaction. The suspension was
then spun down for 7 min at 300 RPM, 4°C. Supernatant was
then removed, and cells were resuspended with the appropriate
volume of medium (RDM 5%) depending on the experiments. Cul-
ture medium was changed every other day until the cells reached
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confluency. MG cultures were next passaged and treated with lenti-
virus to overexpress ASCL1.

IF

Retinal organoids and RS were fixed with cold PFA 4% for 15 min
and then washed three times with PBS. Fixed tissues were
embedded in 10%, 20%, or 30% sucrose overnight at 4°C. Tissues
were frozen in OCT and cryosectioned at 15 pm. Cultured MG were
plated on glass coverslips treated with poly-D-lysine and coated
with Matrigel. Cells were fixed with cold PFA 4% for 15 min and
then washed three times with PBS. A blocking solution containing
10% horse serum, 90% PBS, and 0.5% Triton X-100 was then used
for 1 h at room temperature (RT). Primary antibodies were diluted
in the blocking solution (Table S1) overnight at 4°C. The next day,
cells were washed three times with PBS before adding the second-
ary blocking solution containing the blocking solution, 1/8,000
DAPI, and the secondary antibodies (Table S1) for 1 h, RT. Cells
were then washed three times with PBS, and sections or coverslips
were mounted using fluoromount-G (SouthernBiotech) medium.
For EAU labeling, cells were incubated for 30 min at RT with the
Click-it solution (Click-iT EAU Assay, Invitrogen) and then washed
three times with PBS before being mounted.

Whole mount staining and clearing protocol
The clearing protocol was carried out using the EyeDisco protocol
as previously described (Vigouroux et al., 2020).

Three-dimensional LSFM imaging

Cleared, agarose-embedded, intact fetal eye samples were imaged
with a light sheet microscope (SmartSPIM, LifeCanvas Technolo-
gies) using a 3.6 X objective (ThorLabs, TL4X-SAP, NA = 0.2) with
lateral sampling of 1.8 pm/pixel in XY and 2-um steps in Z. The
samples were submerged and imaged in dibenzyl ether (Sigma
Aldrich) with a refractive index of 1.562. A single laser sheet was
used at 30% power for 488-nm, 50% power for 561-nm, and 10%
power for 639-nm wavelengths. Each channel had an acquisition
exposure time of 2 ms. The resulting raw image arrays (2 x 2)
were stitched using commercial stitching software (LifeCanvas
Technologies). Then, 2D and 3D images were rendered using Arivis
Vision4D v3.6.2 (Zeiss) software.

Electrophysiology

Recordings were performed on dissociated cells in the treated and
CTL condition. Treated cells were infected with a HES1-ASCL1-GFP
lentivirus and CTL cells were infected with the HES1-GFP lenti-
virus (Sueda et al., 2019). Viruses were generated by Vector Builder.
Whole-cell patch clamp recordings were made with a K-based in-
ternal solution containing 123 mM K-aspartate, 10 mM KCl,
10 mM HEPES, 1 mM MgCl,, 1 mM CaCl,, 2 mM EGTA, 4 mM
Mg-ATP, 0.5 mM Tris-GTP, and 0.1 mM Alexa (555). Cells express-
ing GFP were targeted for recording, and cell identity was
confirmed by imaging the Alexa 555 after recording. Whole-cell
patch pipettes had resistances of 12-14 MQ. Access resistance
was <25 MQ for all cells. Reported voltages have not been corrected
for an approximately —10 mV liquid junction potential.
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Single-cell RNA construction

Cells were harvested as previously described (Todd et al., 2022).
Briefly, cells were passed through a 35-um strainer and loaded to
10x genomics chip type G. Library constructions were performed
using the Chromium Next GEM single Cell 3’ Reagent kits v3.1
(Dual Index) according to the manufacturers’ instructions. Cells
were next encapsulated in a gel and received a unique barcode us-
ing the 10x chromonium controller. Further information is avail-
able in the Supplemental information.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2023.10.021.
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